Abstract A UAV with a variable sweep wing has the potential to perform a perched landing on the ground by achieving high pitch rates to take advantage of dynamic stall. This study focuses on the generation and evaluation of a trajectory to perform a perched landing on the ground using a non-linear constraint optimiser (Interior Point OPTimizer) and a Deep Q-Network (DQN). The trajectory is generated using a numerical model that characterises the dynamics of a UAV with a variable sweep wing which was developed through wind tunnel testing. The trajectories generated by a DQN have been compared with those produced by nonlinear constraint optimisation in simulation and flown on the UAV to evaluate performance. The results show that a DQN generates trajectories with a lower cost function and have the potential to generate trajectories from a range of starting conditions (on average generating a trajectory takes 174 milliseconds). The trajectories generated performed a rapid pitch up before the landing site is reached, to reduce the airspeed (on average less than 0.5m/s just above the landing site) without generating an increase in altitude, and then Blue Bear Systems, Bedford, UK the nose dropped just before hitting the ground to allow the aircraft to be recovered without damaging the tail. The trajectories generated by a DQN produced a final airspeed (when it hit the ground) of 3.25m/s (with a standard deviation of 0.97m/s) in the downward direction, which would allow the aircraft to be safely recovered and significantly less than a traditional landing (∼ 10m/s). (t) Error between desired and measured pitch angle at time t η traj (t) Desired elevator angle for computed trajectory at time t η(θ err )
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Introduction
Perching is a difficult problem for a fixed wing aircraft as it requires the aircraft to effectively stop flying when the landing location is reached with a sensible orientation (e.g. not upside down). A fixed wing UAV that is capable of sweeping the wings forwards and backwards is used here to perform perching manoeuvres taking inspiration from birds landing on flat ground. By sweeping the wings forwards the aircraft is capable of producing large pitching moments and achieving high pitch rates, which in turn enable to aircraft to decelerate through dynamic stall. A longitudinal model of the aircraft is identified from wind tunnel measurements and is used to compute optimal perching trajectories. The paper develops and compares two nonlinear optimisation processes for generating these trajectories and flight test results are presented. The problem of performing a perched landing has been discussed by several others, but typically these have had the perch raised above the ground allowing the aircraft to "swoop" from below the perch to reduce airspeed. For example, Cory et al. [5] showed how a small fixed wing glider could be controlled to land on a 2cm perch using optimal control (linear-quadratic regulator trees). In recent years, the same approach has been used by Moore et al.
[11] and has shown a success rate of 95 percent in flight experiments from a range of initial conditions. The aircraft was lightweight (85g) and started with an initial speed of between 6 and 8m/s at 3.5m from the perch.
Another example of perching has recently been demonstrated by Meckstroth et al. [9] . A small UAV (200g) was shown to be able to perform a perched landing at higher speeds (12m/s) from a position 20m from the perch using elevon controls. Meckstroth et al built a numerical model of the aircraft using flight data from a range of trim conditions and then produced a Bezier Curve to represent the trajectory depending on the initial starting conditions (height and airspeed) [8] . The results showed that 12 out of 13 flights resulted in a successful perch where the one unsuccessful flight was due to state estimation errors in the VICON measurement system.
Previous research has shown the benefits of performing a perched landing but have been limited to situations where the aircraft is able to drop below the perch to reduce airspeed [12] and limited outdoor environments. The focus of this study is on the development of an aircraft and controller to perform a perched landing on the ground where dipping down below the perch is not possible i.e. landing on the ground. To be able to achieve this, the hypothesis is that the aircraft must take advantage of the properties of dynamic stall to reduce the airspeed to close to zero without gaining altitude. Performing a perched landing in this study is a two stage process where the aircraft is first controlled to hit an entry gate and then a perching trajectory is executed. The overall approach is inspired by Meckstroth et al. [9] where a numerical model of a fixed wing UAV with a sweep wing is first built and then a non-linear optimiser and machine learning algorithms are used to generate a perching landing trajectory. The trajectory (sequence of control inputs and desired aircraft states) is then combined with a closed loop controller to test the accuracy on the aircraft in series of flight trials.
This study uses two optimisation approaches. The first optimisation method was inspired by [5] where the perching problem is presented as a non-linear constraint optimisation. The second combines neural networks and Q-Learning [7] which has recently seen a resurgence due to the addition of deep learning methods to form Deep Q-Networks (DQN) [10] . This study first outlines the development of a numerical model for a sweeping wing UAV (based on a Bixler 2 airframe) followed by an introduction to machine learning and non-linear optimisation. The results section then presents a series of flight trials using different trajectories using both an open loop and closed loop controller.
Numerical Model
In order to generate a perching trajectory, it is necessary to identify a model of the UAV first. This section provides details on the numerical model developed. The UAV is based upon an off-the-shelf airframe (Bixler 2), but
